Advanced stages of mycobacterial diseases such as leprosy and tuberculosis are characterized by a loss of T-cell function. The basis of this T-cell dysfunction is not well understood. The present report demonstrates major alterations in the expression of signal transduction molecules in T cells of leprosy patients. These alterations were most frequently observed in lepromatous leprosy (LL) patients. Of 29 LL patients, 69% had decreased T-cell receptor -chain expression, 48% had decreased p56 lck tyrosine kinase, and 63% had a loss of nuclear transcription factor NF-B p65. An electrophoretic mobility shift assay with the gamma interferon core promoter region revealed a loss of the Th1 DNA-binding pattern in LL patients. In contrast, tuberculoid leprosy patients had only minor signal transduction alterations. These novel findings might improve our understanding of the T-cell dysfunction observed in leprosy and other infectious diseases and consequently might lead to better immunologic evaluation of patients.
Leprosy is caused by an obligate intracellular pathogen, Mycobacterium leprae, and is characterized by a clinical spectrum with two polar forms and several intermediate stages, all closely related to the immune response of the patient to the mycobacteria. In patients with tuberculoid leprosy (TL), growth of the mycobacteria is restricted; such patients display strong delayed-type hypersensitivity (DTH) responses to M. leprae antigens. In contrast, patients with lepromatous leprosy (LL) have high numbers of mycobacteria, multiple lesions, and no DTH (14, 22) . Recent studies suggest that immune suppression in LL patients can be explained in part by the fact that LL lesions are infiltrated by T cells that produce interleukin-4 (IL-4) and IL-10, a Th2 response, while TL is characterized by infiltration by T lymphocytes producing gamma interferon (IFN-␥) and IL-2, a Th1 response (10, 12, 24, 28, 30) .
Suppression of the T-cell response is also observed in diseases such as cancer. Recent work with murine models and cancer patients has demonstrated alterations in the molecules mediating signal transduction and the activation of T lymphocytes. These alterations include decreased expression of the T-cell receptor -chain (TCR), p56 lck tyrosine kinase, and nuclear transcription factor NF-B p65 (3, 5, 11, 15, 32) . The alterations are accompanied by a diminished ability to mobilize Ca 2ϩ in response to activation signals, decreased cytotoxic function, and decreased production of IFN-␥. Similar changes, at least in NF-B, have been described for T cells made tolerant to bacterial lipopolysaccharide (33) . T cells from leprosy patients demonstrated similar alterations in signal transduction molecules. These changes were most frequently found in T cells of patients with LL, an advanced form of the disease characterized by a loss of cellular response and a decrease in Th1 cytokine production.
MATERIALS AND METHODS
Patients. Forty-three leprosy patients monitored at the leprosy clinic of the Universidad del Valle (Cali, Colombia) and seven clinic workers, used as healthy controls, were included in this study. The patients were classified according to the system of Ridley and Jopling (22) , based on clinical presentation, histopathology, and response to lepromin. Lepromin was a kind gift from the World Health Organization (S. K. Nordeen, World Health Organization, Geneva, Switzerland). After providing signed informed consent, each patient was injected subcutaneously with 0.1 ml of lepromin (30 ϫ 10 6 to 40 ϫ 10 6 bacteria/ml). Induration reactions were measured 21 days later (Mitsuda reaction; positive, Ն5 mm; negative, Ͻ5-mm induration). Of 43 patients, 29 were classified as having LL and 14 as having TL (Table 1) . At the time of their entry into the study, patients had already been treated for 1 to 6 months. TL patients received therapy with dapsone and rifampin (6 months), while LL patients received dapsone, rifampin, and clofazimine (24 months), both in accordance with World Health Organization guidelines (29) . Patients were carefully evaluated during treatment, and those patients showing complete clinical resolution of their lesions were considered responders, while patients requiring additional treatment (Ͼ2 years) were considered nonresponders.
Cell preparation. Enriched peripheral blood T cells (PBL-T) were obtained by passing PBL over T-cell enrichment columns (R&D Systems, Minneapolis, Minn.). Briefly, mononuclear cells enriched over Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden) were resuspended at 10 8 cells/ml and loaded onto T-cell enrichment columns. After 10 min of incubation, the columns were washed with 15 ml of washing buffer provided by the manufacturer. The cells were collected, counted, and tested for enrichment by flow cytometry. The resulting suspension, for most samples, was Ͼ85% CD3 ϩ cells, Ͻ5% CD16 ϩ cells, and Ͻ2% each of granulocytes, B cells, and monocytes.
Determination of TCR and tyrosine kinase expression. Enriched T cells were tested by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting (32) . Briefly, 10 6 CD3 ϩ cells were electrophoresed in 14 and 8%
Tris-glycine gels for TCR and tyrosine kinase p56 lck , respectively (Novex Experimental Technology, San Diego, Calif.). The membranes were immunoblotted with anti--chain antiserum (Onco-Zeta 1; Biomira USA [previously Onco Therapeutics Inc.], Cranbury, N.J.) and anti-human CD3-ε (DAKO, Carpinteria, Calif.) at 1:1,000 and 1:6,000 dilutions, respectively, or with anti-p56 lck (Upstate Biotechnology Inc., Lake Placid, N.Y.) at a 1:1,000 dilution for 1 h. Membranes were washed and incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Amersham, Buckinghamshire, United Kingdom) for 20 min and developed with an enhanced chemiluminescence kit (Amersham). X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.) was used to obtain the autoradiographs. The cutoff value for defining low expression of the -chain was determined to be 2 standard deviations below the mean optical density value for all of the normal samples tested (approximately 55% of the mean). However, due to the normal experimental variations seen with gels, the bands in each gel were compared only to the normal controls included in such gel by densitometry.
Nuclear extracts for NF-B and DNA-binding proteins. Nuclear extracts from T cells were prepared as described previously (5) . For the evaluation of NF-B and c-Rel expression, 10 g of nuclear extract was electrophoresed in an 8% gel. The immunoblots were performed with the following antibodies: anti-p50 antiserum 1157 (21) , rabbit anti-c-Rel antiserum 265 (21), and anti-p65 antiserum 1226 (21) . For the electrophoretic mobility shift assay (EMSA), 2 g of nuclear extract was preincubated in reaction buffer (5) for 10 min at room temperature; and a 32 P-labeled oligonucleotide corresponding to the IFN-␥ core promoter region (positions Ϫ70 to Ϫ40) with the sequence 5Ј AAAACTGTGAAAATA CGTAATCCTCAGGAGA 3Ј (16) was then added to the reaction mixture and the mixture was incubated for 20 min. The complexes were separated on a 5% polyacrylamide gel and exposed to autoradiography. Statistical methods. Fisher exact tests were used to test for homogeneity of proportions between leprosy types and for dichotomous outcomes between immunological competence and signal transduction assays. Wilcoxon ranked-sum tests were used to test for differences in cytokine production between LL and TL patients and healthy controls. Probabilities were calculated by a two-tailed test and were reported in all cases. For some analyses, not all patients were tested due to limited sample availability (not to any other selection criteria).
RESULTS
Purified PBL-T from 43 leprosy patients and 7 healthy clinic workers were tested for the expression of signal transduction molecules and for cytokine production. As shown in Table 1 , 29 patients had LL and 14 had TL. None of the patients with LL displayed DTH to lepromin, while 12 of 14 TL patients had DTH to lepromin, with indurations ranging from 5 to 15 mm (mean ϭ 10.9 mm).
TCR expression and p56 lck tyrosine kinase. The surface expression of the TCR in patients with leprosy, as tested by immunofluorescence with anti-CD3 (CD3-ε chain) and anti-TCR␣/␤ monoclonal antibodies, did not show any difference from that of healthy controls (Table 2) . However, the expression of TCR in T cells showed a marked variation. Representative Western blots in Fig. 1 show that healthy controls (Fig.  1A) and 12 of 14 (86%) TL patients (Fig. 1B) expressed equivalent levels of TCR and the CD3-ε-chain. Densitometry confirmed these observations ( Fig. 2A and B) . The levels of -chain expression in the Colombian controls were comparable to those in the seven healthy U.S. controls (data not shown). In contrast, 20 of 29 (69%) LL patients ( Fig. 1C and 2C ) had decreased (Ͻ55% of normal levels) or undetectable levels of TCR (P ϭ 0.0011).
Changes were also seen with p56 lck tyrosine kinase expression. Fourteen of 29 (48%) LL patients had decreased p56 lck expression, as seen in patients L8, L10, and L11 (Fig. 1F) , while only 5 of 14 (36%) TL patients (Fig. 1E) showed changes. The differences in p56 lck expression between groups of patients were not statistically significant. All of the healthy controls showed equivalent levels of p56 lck (Fig. 1D) . Expression of nuclear NF-B. Nuclear transcription factors such as NF-B and c-Rel family proteins play a major role in the activation or repression of cytokine genes. The translocation of the NF-B p65-p50 heterodimer to the nucleus is associated with increased production of some cytokines, while the presence of the NF-B p50-p50 homodimer in the nucleus is associated with the inhibition of their production (6) . Figure  3A shows the results of three experiments testing the presence of nuclear NF-B family members in activated T cells of three TL and six LL patients. A total of 10 of 16 (63%) LL patients tested lacked nuclear p65 and/or c-Rel but had normal levels of p50. In contrast, 7 of 8 TL patients tested expressed normal nuclear levels of all three NF-B family members, (P ϭ 0.0064). Only one TL patient (T37) showed an absence of nuclear c-Rel but normal expression of p65 (Fig. 3A) .
DNA-binding pattern and cytokine production. Using an IFN-␥ core promoter region in an EMSA, Young et al. (31) demonstrated a distinct DNA-binding pattern for Th1 and Th2 clones. PBL-T from healthy controls show a Th1 DNA-binding pattern. Figure 3B shows data for PBL-T from three TL and six LL patients. T cells from healthy controls (subjects N1 and N2) and from nine of nine TL patients (data for patients T33, T42, and T34 only are shown in Fig. 3B ) presented the four bands characteristic of Th1 cells. In contrast, 10 of 17 LL patients tested showed an absence of the Th1 DNA-binding pattern (patients L6, L7, L9, L16, and L3). These changes were not due to sample degradation, since other nuclear binding proteins such as NF-B p50 and octamer binding protein were expressed at normal levels (data not shown).
Cytokine production by T cells was measured after in vitro stimulation with anti-CD3 (Fig. 4) . The nonparametric Wilcoxon test indicated that LL patients produced significantly lower levels of IFN-␥ and higher levels of IL-6 than TL patients did (P ϭ 0.016 and P ϭ 0.0001, respectively). Healthy controls and TL patients did not differ in the production of IFN-␥, but TL patients produced lower levels of IL-6 than the healthy controls (P ϭ 0.005). Overall levels of IL-1␤ and IL-10 were slightly higher but not significantly different in LL patients. Therefore, there was not an absolute correlation between the type of leprosy and the production of Th1 or Th2 cytokines by PBL-T, suggesting that not all patients, even those within the same clinical group, have the same biological or clinical behavior. However, two distinct subsets of patients could be identified within the LL group (Table 3) : those producing high and those producing low levels of IL-10 (levels above and below the mean, respectively; P ϭ 0.0001). These differences also correlated with signal transduction changes. As shown in Table 3 , those patients producing high levels of IL-10 displayed TCR decrease and loss of the Th1 binding pattern more often than those producing low levels of IL-10. No significant differences were observed between the groups with regard to IFN-␥ production. IL-2 and IL-4 were not detected in patients or healthy controls at the time points tested. It is possible that costimulation with anti-CD28 might provide a better signal for carefully evaluating the difference in cytokine production between these groups, as has been recently shown for patients with Hodgkin's disease (20) .
DISCUSSION
The clinical presentation of leprosy is closely related to the patient's immune response to M. leprae. LL patients lose their protective T-cell response, while patients with TL maintain T-cell immunity despite having developed the disease. Initial reports suggested the presence of suppressor cells in patients with LL as an explanation for the decreased T-cell response in these individuals (13, 18, 23) . More recently, a new model has been proposed in which the clinical presentations of infectious diseases caused by intracellular microorganisms, such as leprosy (30) , leishmaniasis (7, 25) , and AIDS (1), are closely correlated with the preferential response of one of the T helper cell subsets, namely, Th1 or Th2 (2) . A selective decrease in Th1 function and the predominance of a Th2 response lead to the loss of cellular immunity and enhanced antibody production. The results presented here provide new insights into the previously described loss of the Th1 response (16) by demonstrating certain alterations in nuclear transcription factors and an absence of the Th1 DNA-binding pattern. The loss of nuclear NF-B p65 might provide some clues to explain this shift. The presence of the NF-B p65-p50 heterodimer is associated with increased production of IFN-␥, while the p50-p50 homodimer acts as a repressor of the gene for this cytokine (26) . In addition, c-Rel also binds to the intronic region of the IFN-␥ gene, apparently acting in a way similar to that of NF-B p65. Therefore, the absence of nuclear NF-B p65 and c-Rel and the presence of p50 alone in T cells from LL patients could explain in part the decreased IFN-␥ production. These data are similar to those of recent reports showing that in vitro tolerization by lipopolysaccharide involves the nuclear translocation of p50 homodimers of NF-B (33) .
However, the decreased Th1 function alone does not appear to be the only cause of the anergy seen in these patients. The decreased expression of TCR and tyrosine kinase p56 lck could further impair the function of T cells in LL patients. Moreover, the loss of TCR expression is seen more frequently in LL patients who have an absent Th1 DNA-binding pattern and increased production of IL-10. The essential role of the -chain in T-cell activation has been shown by the absence of response to antigenic stimulation in T-cell lines lacking the -chain (27) . Similarly, knockout mice lacking the -chain have few T cells and consequently are severely immunodeficient (9) . In this study, LL patients with decreased -chain expression frequently had alterations in other signal transduction molecules and diminished production of Th1 cytokines. The impact of decreased -chain expression on the clonal response to specific antigens is currently being studied. Lai and colleagues (8) have shown that T cells from cancer patients with low expression of the -chain also show alterations in tyrosine phosphorylation patterns and in their responses to antigens. It is interesting that the two TL patients who had decreased expression of TCR and p56 lck also had no DTH to lepromin. Reactivity to other antigens as measured by DTH was not studied prior to initiation of treatment in this group of patients; therefore, the impact of these changes on the response to other antigens is unknown. Fig. 1A to C are presented in panels A to C, respectively. TCR expression levels that were Յ55% of the mean levels for the normal controls on each gel were considered to be decreased (see Materials and Methods). O.D., optical density. These observations are similar to those described recently for cancer patients by members of our laboratory and others (8, 15, 32) . Patients with metastatic melanoma who had decreased TCR expression had low production of IFN-␥ and shorter survival times (32) . Interestingly, despite major signal transduction changes in T cells, neither cancer nor leprosy patients have generalized immunosuppression. This suggests that signal transduction changes may lead to the inability of T cells to respond to tumors or mycobacteria but that other elements of host defense, namely, granulocytes, macrophages, and B cells, must still be capable of a protective response. Alternatively, a strong antigenic signal leading to activation might restore normal signal transduction proteins, as seen from the incubation with anti-CD3 and anti-CD28 (20) .
FIG. 2. Densitometry values for the -chain from
The mechanisms inducing these alterations are still unclear. Genetic defects in the structure of the TCR are not frequent. Regueiro et al. (19) described one patient with a congenital absence of the CD3-ε chain and a severe state of immunosuppression. However, it is unlikely that the patients discussed here had congenital TCR defects, especially since none of them had a clinical history of immunodeficiency. These alterations probably represent a quantitative change in the expression of the -chain induced by the disease process. Preliminary work has failed to demonstrate the induction of signal transduction alterations in normal T cells by incubation with cytokines such as transforming growth factor ␤, IL-4, or IL-10. Alternatively, in vitro anergy models suggest that chronic TCR stimulation in the absence of adequate costimulatory signals can induce some signal transduction alterations (4, 17) . It is therefore possible that soluble factors produced by macrophages infected with M. leprae and the presence of a chronic antigenic stimulus from the increasing numbers of mycobacteria in LL patients could lead to the signal transduction defects in T cells described here. Studies of cancer patients suggest that these abnormalities could be related to increased turnover of signal transduction proteins rather than to abnormal transcription (data not shown).
Because of the prolonged duration of treatment (2 years for LL patients), samples from only five LL patients were tested after completion of therapy. Preliminary data show that patients responding to treatment also correct the signal transduction defects (data not shown). These preliminary data could suggest a possible correlation between the reexpression of these signal transduction molecules and an improvement in clinical status. However, further testing of patients that complete treatment will be necessary to assess this possibility and evaluate the clinical significance of the changes in signal transduction molecules and of their reexpression with effective treatment.
In summary, alterations in the expression of signal transduction molecules of T cells are found in leprosy patients, especially LL patients. These findings provide new insights into the immunopathology of this disease and possibly into the mechanisms leading to anergy. It is also possible that the patients with signal transduction alterations represent a subset of individuals within the major clinical classification whose disease has different biological and/or clinical behavior and who might benefit from careful monitoring with signal transduction assays. Additional research will be needed to confirm this possibility and to further explore whether novel therapeutic approaches that correct these signal transduction alterations result in the recovery of a protective immune response. a P ϭ 0.0001 for high-IL-10 versus low-IL-10 patients. P ϭ 0.0039 for healthy controls versus high-IL-10 patients. P ϭ 0.6297 for healthy controls versus low-IL-10 patients.
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